High myopia, highly prevalent in the Chinese population, is a leading cause of visual impairment worldwide. Genetic factors play a critical role in the development of this visual disorder. Genome-wide association studies in recent years have revealed several chromosomal regions that contribute to its progression. To identify additional genetic variants for high myopia susceptibility, we used a genome-wide meta-analysis to examine the associations between the disease and 286 031 single-nucleotide polymorphisms (SNPs) in a combined cohort of 665 cases and 960 controls. The most significant SNPs (n 5 61) were genotyped in a replication cohort (850 cases and 1197 controls), and 14 SNPs were further tested through genotyping in two additional validation cohorts (combined 1278 cases and 2486 controls). As a result of this analysis, four SNPs reached genome-wide significance (P < 2.0 3 10 -7 ). The most significantly associated SNP, rs2730260 [overall P 5 8.95 3 10 -14 ; odds ratio (95% CI) 51.33 (1.23 -1.44)], is located in the VIPR2 gene, which is located in the MYP4 locus. The other three SNPs (rs7839488, rs4395927 and rs4455882) in the same linkage disequilibrium block are located in the SNTB1 gene, with P values ranging from 1.13 3 10 -8 to 2.13 3 10 -11
INTRODUCTION
Myopia is the most common visual disorder in the world and is a significant global concern in public health (1) . The global incidence of myopia shows population differences, with a prevalence of 20-40% in American, European and Australian populations (2 -4) and a much higher prevalence of 40 -70% in Asian populations (5 -7) . Low myopia (with a refractive † These authors contributed equally to this work. ‡ Equal contribution. * To whom correspondence should be addressed at: Center for Human Molecular Biology and Genetics, Sichuan Academy of Medical Sciences & Sichuan Provincial People's Hospital, 32 the First Ring Road West 2, Chengdu, Sichuan 610072, China. Tel: +86 2887393548; Fax: +86 2887393375; Email: zliny@yahoo.com error -3.0D or more) and medium myopia (with a refractive error between -6.0 and -3.0D) are primarily physiological, whereas high myopia (with a refractive error 26.0D or less) is a predisposing factor for many pathological ocular complications, such as glaucoma, macular hemorrhage, choroidal neovascularization and retinal detachment (2, 8) . High myopia is one of the leading causes of legal blindness (9 -11) . Its prevalence is 1 -5% in Asian populations (7, 12) and is much higher in high school and college students.
Unfortunately, there are no effective therapies to prevent the progress of myopia, and the pathogenesis of high myopia remains unclear. Both environmental and genetic factors contribute to the development of high myopia (13) (14) (15) . Many studies suggested a strong genetic background for high myopia (16, 17) . So far, 21 loci (MYP1 -MYP21) have been identified for myopia (OMIM, 160700) through family-based linkage analyses and by genome-wide association studies (GWASs) (18) (19) (20) (21) (22) . Many candidate genes associated with high myopia have been reported (23) (24) (25) (26) (27) (28) (29) , but none of these genes have been verified to be consistently responsible for either common myopia or high myopia.
Recently, the application of GWAS has revealed several chromosomal regions susceptible to high myopia or refractive error, including 11q24.1 in Japanese populations, the CTNND2 gene in Singapore Chinese and Japanese populations, 15q14 and 15q25 in the Caucasian populations and 4q25 and 13q12.12 in Han Chinese populations (21, (30) (31) (32) (33) (34) . Some of these GWAS results have been independently replicated (35) (36) (37) , while others cannot be replicated (38, 39) . To identify additional loci responsible for high myopia, we performed GWA meta-analysis and replication studies in multiple Han Chinese populations.
RESULTS

GWA meta-analysis combining two high myopia GWASs
To discover new high myopia loci, we conducted a three-stage association study on individuals of Han Chinese descent [Supplementary Material, Fig. S1 (supplementary data cited in this article, including three figures and six tables, are presented online at http://www.ajhg.org)]. In stage 1, we performed a meta-analysis by combining two high myopia GWAS, including Shanghai Han Chinese (the same cohort to our previous GWAS dataset reported in ref. 21 ) and Hong Kong Han Chinese datasets (a combination of 665 unrelated high myopia subjects and 960 normal controls, Table 1 ) with association data for 286 031 successfully genotyped SNPs. All genotyped SNPs [minor allele frequency (MAF) .0.01] passed quality control filters in each of the two Stage 1 datasets prior to conducting the meta-analysis. The genomic control inflation factor (l) for the meta-analysis was 1.07, indicating that the results in Stage 1 were probably not the results of population stratification (Supplementary Material, Fig. S2 ).
Two-stage replication study in three independent cohorts
A total of 86 SNPs reached the criterion for further replication (meta P , 5 × 10
24
) in the Stage 1 meta-analysis (Fig. 1 , Supplementary Material, Table S1 ). However, only one SNP (rs6719401, meta P ¼ 4.0 × 10 -10
) exhibited a genome-wide significant association (P , 2.0 × 10
27
) with high myopia (Fig. 1, Supplementary Material, Table S1 ). In our previous study (21) Table S3 ).
SNPs of the VIPR2 and SNTB1 genes are associated with high myopia through the meta-analysis An overall test of association was manipulated through the meta-analysis of combined Stage 1, 2 and 3 data for a sample size of up to 7402 individuals (2793 cases and 4643 controls). As a result, four SNPs reached genome-wide significance (P , 2.0 × 10 27 , Table 2 
Haplotype analysis of the three SNPs in the SNTB1 gene
The three SNPs (rs7839488, rs4395927 and rs4455882) of the SNTB1 gene are in the same linkage disequilibrium (LD) block in the Han Chinese Beijing of HapMap database. We also examined the LD block structure of these three SNPs in all tested samples by using the program Haploview (Vision 4.2). All three SNPs were in the same LD block in this study, with D ′ from 0.92 to 0.96 (Supplementary Material, Fig. S3 ). The risk haplotype GCA generated from these three SNPs proved to be significantly different between the high myopia cases and controls (P ¼ 7.76 × 10
212
, Table 3 ). With this risk haplotype, an individual has a 0.31-fold increase in susceptibility to high myopia. On the other hand, an individual who has protective haplotype ATG has a 0.23-fold decrease in susceptibility to high myopia (P ¼ 3.55 × 10 210 , Table 3 ).
The expressions of the VIPR2 and SNTB1 genes in human tissues and cell lines
To investigate the expressions of the VIPR2 and SNTB1 genes in ocular tissues, we examined the expression in different human tissues and cell lines using the reverse transcript polymerase chain reaction (RT -PCR). The tissues of heart, spleen, kidney, retina, retinal pigment epithelium (RPE) and blood were obtained from a deceased 55-year-old Han Chinese male. Both the VIPR2 and SNTB1 genes were expressed in the human retina, RPE and D407 cells (established from a primary culture of human retinal pigment epithelial cells), as well as in human spleen and blood (Fig. 2) .
DISCUSSION
This genome-wide meta-analysis followed a previously published GWAS that involved 419 high myopia cases and 669 controls (21) . In the present study, we conducted a three-stage meta-analysis, adding a Hong Kong Han Chinese cohort (composed of 246 cases and 291 controls) in the GWA stage, with replications in three independent Han Chinese datasets. Based on this three-stage meta-analysis, we identified four SNPs reaching genome-wide significance in two novel loci responsible for high myopia in the Han Chinese population.
The most significantly associated SNP (rs2730260, meta P ¼ 8.95 × 10 214 ) resides in an intronic region of the VIPR2 gene on 7q36.3. The locus 7q36, formerly named MYP4, was reported by Naiglin et al. (40) to have an association with myopia. VIPR2, also known as VPAC2, encodes the vasoactive intestinal peptide (VIP) receptor 2, a seven-transmembrane-spanning G-protein-coupled receptor, which responds similarly to VIP and pituitary adenylate cyclase-activating polypeptide in stimulating cAMP production (41) . As shown in our RT-PCR results (Fig. 2) , the expression of VIPR2 in human tissues was very similar to that in mouse peripheral tissues (42) . Many studies suggest that VIP, a neuropeptide used for signaling by mature central and peripheral neurons and expressed by a subset of retinal amacrine cells (43) , is involved both in the normal development of the refractive properties of the eye and in the development of form-deprivation myopia in chicks (44) (45) (46) , mice (47) and monkeys (48) . The VIP expression is positively correlated with axial elongation (48) . VIP can also regulate cell proliferation, division and differentiation of corneal endothelial cells and retinal cells through system-dependent stimulatory or inhibitory effects (49) (50) (51) . VIPR2 is also implicated in the development of form-deprivation myopia in chicks (52, 53) . VIP and VIPR2 both play important roles in the circadian function, and Vipr2(2/2) mice exhibit abnormal rhythms of rest and activity (54, 55) . In the present study, we identified that SNP rs2730260 of the VIPR2 gene is significantly associated with high myopia. Based on previous studies on the VIPR2 gene, VIPR2 plays an important role in the mechanism of human high myopia.
The other three SNPs (rs7839488, rs4395927 and rs4455882; meta P ¼ 1.13 × 10 28 , 1.21 × 10 210 and 2.13 × 10 211 , respectively) are located in an intronic region of the SNTB1 [syntrophin, beta 1 (dystrophin-associated protein A1, 59 kDa, basic component 1)] gene on 8q24.12. SNTB1 is a member of the syntrophin gene family, which contains at least two other structurally related genes. The protein encoded by SNTB1, b1-syntrophin, is an ABCA1-binding protein. ABCA1 (ATP-binding cassette transporter A1) plays a critical role in cholesterol metabolism, and the b1-syntrophin-ABCA1 interactions are important for cholesterol efflux (56) . High-level cholesterol is a major risk factor for a variety of retinal and ocular diseases, such as retinal vein occlusion, age-related macular degeneration, open-angle glaucoma (OAG) and diabetic retinopathy (DR) (57) (58) (59) (60) . There are reported beneficial effects of cholesterol-lowering drugs on age-related maculopathy, cataracts, DR and OAG (61 -65) . In a study on Singapore Chinese schoolchildren, higher cholesterol intake was associated with longer axial length (66) , which is the main characteristic of myopia. This implies a link between SNTB1 and the development of myopia.
As mentioned earlier in Introduction, several GWASs for high myopia or refractive error have recently been reported (21, (30) (31) (32) (33) (34) . In the present study, 48 SNPs located in 4q25 showed a nominally significant association with high myopia in the stage 1 meta-analysis (P values ranging from 0.0475 to 0.00155, Supplementary Material, Table S4 ). Three of them (rs2597881, rs326896 and rs12508492) are in the same LD block of the HapMap HCB database as high-myopia-associated SNPs (rs2218817, rs10034228, rs4440293, rs1585471 and rs6837348), as reported by Li et al. (34) . The results of Li et al. were also replicated by Gao et al. in an additional Han Chinese adult population (35) . Therefore, the 4q25 locus is likely a true locus responsible for high myopia in Han Chinese populations. In addition, we found that one SNP (rs8027411, P ¼ 0.0276 in our stage 1 meta-GWAS data, Supplementary Material, Table S5 ) located in 15q25 was associated with high myopia, but none of the SNPs located in the 11q24.1, 5p15 and 15q14 regions proved significant in our Stage 1 GWAS data with P , 0.05 (Supplementary Material, Table S5 ). The fact that previously reported loci were not replicated in our meta-GWAS may be explained by several reasons: (i) the genetic heterogeneity of high myopia exists among different ethnicities.
(ii) Due to insufficient power or chance. Obviously, the sample size of our Stage 1 meta-GWAS was lower than those in the studies by Solouki et al. and Hysi et al. The risks of 15q14 and 15q25 might not be detectable in the relatively small sample size in our study. However, we can see that the two SNPs located in 15q14 have the same effect direction in our Stage 1 meta-GWAS data as that in the study by Solouki et al. (32) . (iii) High myopia is a complex disease involving many genes or loci of varying penetrance. Each initial GWAS focused only on a random sample set, thus running the risk of false positives or false negatives. Each study might only be the tip of the iceberg, but a combination of many studies should generate sufficient power to understand the pathogenesis of high myopia (34) . In summary, we identified two high-myopia-associated loci, including four SNPs (rs2730260, rs7839488, rs4395927 and rs4455882), with combined genome-wide significance through GWA meta-analysis and replication studies in the Chinese Han population. Two genes (VIPR2 and SNTB1), located in associated regions, have been previously reported to have a potential function in the occurrence and development of myopia. The identification of these loci provides novel insights into the pathogenesis of high myopia.
MATERIALS AND METHODS
Ethics statement
This project was approved by the Institutional Review Board of Sichuan Academy of Medical Sciences and Sichuan Provincial People's Hospital, Chengdu, Sichuan, China; Department of Ophthalmology and Visual Sciences, The Chinese University of Hong Kong, Hong Kong, China; Xinhua Hospital, Shanghai Jiao Tong University; Anhui Medical University, Anhui, China; School of Optometry and Ophthalmology and Eye Hospital, Wenzhou Medical College, Wenzhou, Zhejiang, China; and the Joint Shantou International Eye Center, Shantou University and the Chinese University of Hong Kong, Shantou, China. All participants in the present study were Han Chinese. A written informed consent was obtained from each participant.
Study design and subjects
Supplementary Material, Figure S1 , shows the overall study scheme of the present work. In order to lower expenses, we performed a genome-wide association (GWA) meta-analysis and replication studies in three stages. The GWA meta-analysis (Stage 1) included two cohorts: a Shanghai cohort (GWAS 1) and a Hong Kong cohort (GWAS 2). The Shanghai cohort, composed of 419 cases and 669 controls from the Shanghai and Anhui regions of China, was the same dataset as our previous GWAS dataset of ref. (21) (named GWAS dataset in ref. 21 ). Cases and controls for the Shanghai cohort were recruited at the Xinhua Hospital Ophthalmic Clinic in Shanghai Jiao Tong University and the clinics of the hospital affiliated with Anhui Medical University. The Hong Kong cohort was composed of 246 cases and 291 controls recruited at the Department of Ophthalmology and Visual Sciences in the Chinese University of Hong Kong. The replication studies included three cohorts: a Wenzhou cohort, a Chengdu cohort and a Hong Kong-Shantou cohort. The Wenzhou cohort in this study, composed of 850 cases and 1197 controls, was the part of the Wenzhou dataset used in our previous study (named follow-up dataset 1 in ref. 21) . The cases were the same in this two study, but the Wenzhou cohort controls in this study (1197 controls, Table 1 ) were smaller than controls in our previous study (2525 controls, ref. 21) because the DNA of some samples had been exhausted. The subjects were recruited at the School of Optometry and Ophthalmology and the Eye Hospital Ophthalmic Clinic in Wenzhou Medical College. The Chengdu cohort, composed of 1056 cases and 1820 controls, was expanded from the previous Chengdu cohort in ref. (21) (the number of cases increased from 549 to 1056). The Chengdu cohort was recruited at the Sichuan Academy of Medical Sciences and the Sichuan Provincial People's Hospital Ophthalmic Clinic. The Hong Kong-Shantou cohort, composed of 222 cases and 666 controls, was not used in our previous study (21) and was recruited at the Department of Ophthalmology and Visual Sciences in the Chinese University of Hong Kong and the Joint Shantou International Eye Center in Shantou University and the Chinese University of Hong Kong. The diagnosis for high myopia in this study required the spherical equivalent to be less than or equal to -6.0 DS in at least one eye and the axial length of the eye globe to be greater than or equal to 26.0 mm. Individuals were excluded from the study if they had undergone ocular procedures that might alter refraction, or if they had other symptoms besides high myopia (e.g. besides eye problems, individuals with Stickler syndrome suffer from distinctive facial abnormalities, hearing loss and joint phenotypes). For the controls, the criteria were a spherical equivalent from -1.0 to + 1.0 DS and no evidence of disease in either eye. A total of 2793 unrelated patients with high myopia and 4643 normal controls were analyzed in this study (Table 1) .
GWAS genotyping and quality control
The GWAS of the Shanghai cohort has been previously described (21) . The GWAS of the Hong Kong cohort was conducted by deCODE Genetics using Illumina 370K BeadChips according to the Infinium HD protocol from Illumina. SNPs with call rates ,90% were eliminated from the analysis. SNPs were also excluded for an MAF of ,1% or a significant deviation from the Hardy -Weinberg equilibrium (HWE) in the controls (P , 10
27
). SNPs on the X and Y chromosomes, as well as mitochondrial and CNV probes, were removed from further analysis. Excluding heterozygous SNPs without any observed heterozygotes and SNPs with only heterozygotes eliminated sNPs with possible genotyping errors. To eliminate uninformative SNPs, we excluded non-heterozygous SNPs.
Replication 1 and 2 genotyping
As Supplementary Material, Tables S1 and S2 show, 25 of the 86 SNPs had already been examined in the Wenzhou cohort in our previous study (21) and therefore we did not genotype these SNPs again in this study. Genotyping of the remaining 61 SNPs selected from Stage 1 was performed by using the Sequenom MassArray system, as described previously (67) . We genotyped the 14 SNPs selected from Stage 2 in Chengdu and Hong Kong-Shantou cohorts using the SNaPshot method on an ABI 3130 genetic analyzer (Applied Biosystems, Foster City, CA, USA) according to the manufacturer's instructions (68) . All SNPs in the replication studies had a genotyping success rate .98% and accuracy .99%, as judged by regenotyping a randomly selected 5% of the samples using the Sanger sequencing method.
Statistical analysis
The GWAS, the basic case -control association test and the HWE analysis were performed using PLINK software (Vision 1.06) (69) . The Q -Q plot was used to assess the number and magnitude of observed associations between genotyped SNPs and high myopia, compared with the association statistics expected under the null hypothesis of no association. The Q -Q plot was created using the R qq.plot function (70) .
For the replication studies, association analysis was conducted using logistic regression with gender and age as covariates. The P values adjusted by gender were reported without correction for multiple testing (67) .
The LD block structure was examined by using software Haploview Vision 4.2. The D ′ and r 2 values for all pairs of SNPs were calculated, and the haplotype blocks were estimated by using software Haploview Vision 4.2.
Gene expression
Gene expression was detected by RT -PCR in human cell lines, including D407 (established from a primary culture of human retinal pigment epithelial cells) and HEK293 cells (established from human embryonic kidney cell cultures). We used these same techniques on human tissues to visualize the expression pattern in the heart, spleen, kidney, retina, RPE cells and blood. These tissues were obtained from a deceased 55-year-old Han Chinese male. The total RNA of the human tissues and cell lines was extracted with Trizol (Invitrogen, Carlsbad, CA, USA), and reverse transcription was performed with a reverse transcription kit (Invitrogen). The reference gene b-actin was used as an internal control and was amplified in parallel reactions. The primers for RT -PCR are listed in Supplementary Material, Table S6 .
